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Generalizations of collinear Parton Distributions

GPDs (off-diagonal): TMDS (small transv. deviations):
measurable in exclusive processes measurable in semi-inclusive processes
provides 3-dim. spatial picture provides 3-dim. momentum picture

v5() = [ e Pla -5 - a5 P

—00

Collinear PDFs  f1(z, 1), g1 (, 1), h(z, )

Theory well-understood, delivers a one-dimensional picture of nucleon structure

Measurable in DIS (but not sensitive to transversity...)
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Generalized Parton Distributions

Exclusive processes (DVCS, meson production, ...):

A 2~ qxPT2” — z z .2 Z
Fij(x,6,Ar) = [P ()| g;(-2) [- 5 5] ai(5) )

Eight GPDs — most prominent H and E

oTHA
R B, & 1) | up)

E — no correspondence in the collinear limit. Ji-Angular momentum sum rule

PHIY[F ] = a(p') [y H (@, 6,¢) +

1
J9 = %/ drx|H(x,0,0) + E9(x,0,0)]
—1
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Impact Pararmeter Space

Impact Parameter Space: (§=0) [M. Burkardt, PRD62, 071503]

« Impact parameter b_and transv. momentum transfer A_— FT

Fij(x, gT) — e AT bTF](x 0, AT)

-
* Impact parameter space — “diagonal” matrix element 711/2 — ?7”— + bT

Fijla,br) = [ g €™F = (PH;0p[;(21) [21; 22] wi(z2) [P Or)

 (£=0): probability density of partons in transverse plane.
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k_-dependent Parton Distributions (TMDs)

Semi-inclusive processes at small transverse final state momenta:

By (2, kr: S) fdz Lol (P, S| 1;(0)Weipis oy [0, 2] ¥i(2) [P, S)

2t=0
(xPT, kp) « Eight TMDs:
quark pol.
U | L T
pr [\ — 2| vl ht
> > gL g1 Rt
/I > > \\ S | T | fir | oo | k1, iz
> > Twist-2 TMDs
(%] kz SJ
1 +1 72 €T T
ETT[(I)’Y ] — fl(-f’?a kT) — M f1T(x kT)
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T-odd TMDs

* Neglect gauge link operator:

Sivers function
Time-reversal forbids <

Boer-Mulders function

* If T-odd TMDs # 0: Gauge Link not neglegible, physical effect:

AZT
\ Z;
/ . > B B ® %
/ . X DY SIDIS
A .
> Z
—1ig [72 ds-A(s «—0 »
Wlz1; 2] = Pe ¥ ) Z,
Initial / Final state interactions
Time reversal ——® switches sign:
flT’DIS Jir DY Yprs L py
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lllustrative picture of the Final State Interactions

Situation in SIDIS:
Unpolarized nucleon — quarks are equally distributed in transverse plane

-/\-/\-/\-/\f

Final State interactions are assumed to be attractive here

- Lensing effect, but no observable net effect!
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Sivers asymimnetry

Transversly polarized nucleon —
spatial distortion of the quark distribution in the transverse plane —
Impact parameter GPD E

Panr S Want Wanh Wanh Wt B

spin polarization

Spatial distortion + FSI lead to observable net effect

- — non-zero Left-Right (Sivers) asymmetry
— attractive FSI: correct prediction of the sign of SSA
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Relation Sivers — E

Non-trivial relations for “T-odd” parton distributions:
M. Burkardt [Nucl.Phys. A735, 185], [PRD66, 114005]

Average transverse momentum of unpolarized partons
in a transversely polarized nucleon:

(Frir(a) = [ ek 3T @(30)] - T o)-5n)] o 2w

l Manipulation of Gauge Links + Impact parameter representation

/ Pir [ 456 (P8 iy [zl;@(zQ)PﬂﬁT;SﬂJ
\

_ T2
Zjp=FFN-+ b Impact parameter representation for GPD E

— fdy‘ [z_; y‘]gFJFi(y_)[y_; z‘] coll. “soft gluon pole” matrix element
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» (Semi-) classical approximation: J* ~ 7° (:Ij, bT) 1+ ...
— factorization of final state interactions and spatial distortion:

. ijqi pL i B\ b xSt 7
(ko) = —Melss £\ () =~ / d*r T'(z,br) *57°% - (=, b7)

Ii (x, b%) : Lensing Function = net transverse momentum

* Also for Boer-Mulders function and chirally-odd GPDs...

 Relation valid for lowest order diagrams in simple spectator models:
[Burkardt, Hwang, PRD69, 074032], [Meissner, Metz, Goeke, PRD76, 034002]

GPDs: (T-odd) TMDs:

» Analysis of mother functions: No exact, model-independent relations possible.
[Meissner, Metz, MS, Goeke, JHEP08(2008)038]

» "How approximate” is the relation? Need to know the lensing function better...
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FSI beyond One-Gluon exchange

* Final State Interactions (Sivers-effect) mostly modeled by a One-Gluon Exchange:

Example Diguark-spectator:
Sivers function « o

Sivers effect at HERMES = 5%
= a_= 0.2-0.3

* Relativistic Eikonal models: Treat FSI non-perturbatively.

 Work in the diquark picture (Lens. funct. identifyable)
— more realistic for a pion...

* Only diagrams that reflect the "naive picture”.
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Lensing Function

Assume a non-perturbative scattering amplitude M +

Separate GPD and FSI via contour integration

d'q 2 (P — ¢ +mg)u(P, S)|iM§2 (g, P — k)
/ ami N = e T T (P -9 + m2 + ie][q? — m? + ic]
- Step 1: Integration over q':
Assu1m:-:- noq & q* poles in M.

q - poles at one loop for higher twist T-odd TMDs [Gamberg, Hwang, Metz, MS, PLB 639, 508]
— non-light like Wilson lines, would spoil relation.

1 1
- Step 2: Integration over g*; - =P Cimd((1-z)P" —q")
Fix the q+ - pole 1-2)Pt—q"+ic  (1-z)Pt—g*

emphasizes a "natural” picture of FSI
equivalent to Cutkosky cut, assumptions of Step 1 valid in Eikonal models

) — d2 Z a — ac — — C
I'(z,qr) = / (271:)7; (2pT —qr) %Mbcb(\pTD((Qﬂ)25 5(2)(PT - (JT>+%Md§(\pT — q?“\))
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Relativistic Eikonal Models

Scattering amplitude of two highly energetic particles at small momentum transfer:
Possible under two assumptions:
1) Particles are eikonalized (not even an appr. for quark...)

2) Gener. Ladder Approx.

- In QED: Coulomb phase (70s)
1) Diagrammatic: Wu, Yang,...
"o 2) Combinatoric: Levy, Sucher, Quiros...

- 3) Functional: Fried, Gabellini,...

AN

’, S

Here: Outline of the functional approach for quark-antiquark scattering (pion):
[Fried, Gabellini, Avan, Eur.Phys.J. C13, 699]

Z1,n,0,&,E =N / DAe 1/ F =5 J(0-A+i [ 5-ATrn G A+ Tl B (4] —i [ 7G[Aln—i [ EH[Alg
rk-Antiguark 4-point function:

. . N 5 5 5 5
T(i1,12|f1, f2) = 67(f1) on(i1) 67(i2) on(f2)

Z( )
jmn—f—e—E=0

= —N/DAe_iIFQ_%f(a'A)QeT“nG1[A]+T“nH1[A]G(i2,f2’A)G<f1,i1\A)
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Eikonal Approxiration

Idea: highly energetic particle looses spin information " — v*
In QED:
G(z,y|lA) = (i — mg + A(x)) 7160 (z — y)

— (v- (104 A(z)) —my) " 16W(z —y) = —i/ ds etV O+ A@))—matic) 5(4) (p _ )
0

o0 . . . s « a ab
G (z,y|A) = —i/ ds e~is(ma=10) 5(4) (z —y — sv) <e_7’9 Jo dBv-A%(y+PBv) ¢ )
0

_|_

Trick to disentangle the A-field and the color matrices t: Functional FT

(e—ig fos dBv-A® (y+06v) t0‘>ab: Nl /DO&/DU eideaﬁ(T)uﬁ(T)eigde o (1) v-AP (y+71v) (ei fOS thﬁuﬂ(T)>ab
+

+

Transformation of the scattering amplitude into momentum space + Amputation
+ Insertion of eikonal propagators:

W (%Geik) (P )
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Eikonal Amplitude

091092 8—91 5—92

0’ M ~ /DAez'f[—iFQ—%(c’?-A)Q)]—I—TrlnG1[A]—|—Tr1nH1[A](8G) (36’)

[Fried, Gabellini, Avan, Eur.Phys.J. C13, 699]:
» Use scale invariance of the gauge vector n: "Quasi-Abelian limit”

- Separate off quadratic gluon terms

* Neglect Fermion loops and gluon self-interactions (Ladder approximation)

Abelian U(1)-theory: recover Coulomb phase ... [eiX('ZT')—l]

SU(2): analytical evaluation of color effects: ei%'u = cos( ') + z’% sin(@)

SU(3): (?) numerical evaluation, in process...
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The Eikonal Phase

Recall: [x(|z7|) :92/ dT1/ dre n'n" Dy, (2 4+ Tin — on)=

2 / ki’ Dy (k) e 2T

™

For a free gluon propagator: x(|zr|) = 2aKy(u|zr|)

» Good news: Recover exactly old perturbative results in the one gluon exchange.
[Burkardt,Hwang; Meil3ner, Metz, Goeke]

-2
e.g.: scalar diquark: Ti(z,br) = —a(1 — 2) %2 fin(z,k2) = 2(3;)3a(1—w)ﬂ{(wM+mq) In (kam )

B2 (k2. +1n2)

 Bad news: Dependence on IR-reguIator.

Exchanged gluons are soft — free propagator? What is the value of a_in the IR-limit?
— Input from Dyson-Schwinger Equations.

Bowman (2004)

- + Sternbeck (2006)

‘\!&[ — scaling (DSE)

—— decoupling (D5E)

— scaling (FRG)
decoupling (FRG)

[Plot from Fischer, Maas, Pawlowski, arXiv:0810.1987]

 Calculations in Landau gauge + Euclidean space
— applicable here.

« IR-finite gluon propagator D(p> — 0) ~ (p?)*~Y

« Renorm. Point at u_= m_— here: u, = 1GeV

« DSE: IR-limit of as(p® — 0) ~ 2.972

» Use running of as as vertex factor.
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Lensing Function

Express Lensing Function in terms of Eikonal Phase:

. L 1b ; . L 1 , ;
Ti—y(@ br) = X () L+ eosx(£5) || [Fivegy (@ br) = G (T2 [ cos + §( —sin )| (%)

T3 (3, br) =177

Eikonal Phase

N — Abclian
— SU{2)
— pert. result

[
I

o
N
I

Lensing Function

1

I

=3}
I

IbT]

-8

Final State Interactions remain negative (even in SU(2))
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The GPD E in the diquark rmoclel

The remaining piece of the puzzle: GPD E

A2(a—

Scalar diquark with a multi-pole diquark vertex factor

1) K —mg

[kZ _ AZ]a

» Need to fit the model parameters:

GPD-limits:
Form Factors F1, F2 — t-dependence

+ valence u(x) (GRV) — x-dependence

I
0.8 1

« Difficult to fit all limits for diquark only
— Form Factor fit preferred.

* Other GPD model:
[Diehl et al., EPJ C39 (2005) 1-39]

1 . | .
0.2 0.4 0.6
X

— Diquark model (x =0.3)
— Diehl et al. (x =0.3)

E:)L (x7 07 t) — (Nu/ﬁ?ua?_a(]_ — x)ﬁ)etgu (z)

June 10, 2009
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Sivers

-0.02

-0.04

-0.06

-0.08

-0.1

-

— Diquark U{1} 1 GeV

— Diguark SU2) 1GeY

— - Dichl U(1}2 GeV
— - Dichl SU(2) 2 GeV

Results for the u-quark Sivers function

Extraction by Torino-Group

AN (2) = —fir(z)

* Relation produces a Sivers effect ~ 0.04 — 0.08, Torino - Extraction ~ 0.05.

» SU(2) color factors seem to increase the effect. Effect of SU(3) ???

* Relation overshoots extraction, but correct sign and order of magnitude...
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Summary:

- Relation Sivers — E via separation of FSI + spatial distortion of parton dist.

* Relation is not rigorous, model-dependent.
Holds for lowest order spectator models.

» Relativistic Eikonal model: Non-perturbative, field-theoretical model of FSI
— Lensing Function.

* Relation reproduces the right order of magnitude of the Sivers effect.

Outlook:

« Apply formalism for other soft objects:
Boer-Mulders, Collins function, soft factor...

* Improve the diquark model through axial-vectors.
* SU(3) color factors

« Other Dyson-Schwinger extractions of Gluon-Prop. / running coupling.



The Quasi-Abelian Limit

(2o o

:N‘//dllze—iz-(Per) /DO[/DU aﬁ(())?)'Aﬁ(ezgffooodTozﬁ(T)v-Aﬁ(sz Vi [au (eiffooo thﬁuﬁ(T))ab
+

inlerTnvariance under rescaling of gauge vector:0 =1 — AN

Description of the gauge

oo

/ ) )\dTozﬁ(T)n-Aﬁ(erT)\n): / d7 o (

—00

)n - AP (2 + 7n) 2045(0)/0O drn- AP(z +n)

—00

>

—00

"Quasi-Abelian Limit” [Fried, Gabellini, PRD 55,2430]
(1—z)P*

mg
Back to the eikonal amplitude: Insertion of the quasi-abelian limit.

i _
M /DAeif[—iFQ—%@-A)Q)HTrlnG—l[AHTrlnH—l[A](3_G) (a_G)
dg10g2 dg1/ \Ogo

For spectator eikonal propagator: )\ ~ ”’Infinite momentum frame”
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Eikonal Amplitude

Focus on the gluonic part: Separate off quadratic gluon terms

. _
M /DAe'L'f[—in—%@-A)Q)HTrInG1[AJ+Tr1nH1[AJ(‘9_G) (3_G>
091092 dg1/ \0ga

Write it in terms of a Gaussian integral:

.7:[14] _ e—if(F2—f2)eTrlnG_I[AHTrlnH_l[A] _ /D¢]:-Mezf,4¢

o0

JP(z) = g10°(0) et (x—z—mn)+ 92645(0)/ dr it 8 (z - 7 4 77)

—00

Manipulatiod via functional translation: F[A+ B =¢/ G%f [A]

[ Do et Fig — b [Pl s TP A+ [ D),
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Eikonal Phase (gauge invariant for light-like "velocity” vectors):

/JDJ =2a(0) - &(0)y (21 - Zr) = 20(0) - d(O)/ dn / dry W'Dz = Z + n — 1o7)

Collecting all parts:

e . e PN
/DQDU/D@DQ—Le@f(u-a-I-u-a) (ezft-u)+(ezft-u) ew(m'a(O)X(zT)e_if5_AD5_Af[A + /DJ]

T A-=0

* Quasi-Abelian limit — path-integrals reduce to 1 for v # 0 — ordinary integrals
* Ladder Approximation: Neglect fermion loops and gluon-self interactions: F — 1

Abelian U(1)-theory: recover Coulomb phase ... [eM'ZT')—l]

SU(2): analytical evaluation of color effects: ei%'u = cos( ') + z% sin(@)

SU(3): (?) numerical evaluation, in process...
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